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The results of the experimental and theoretical studies of the processes of the single particles ignition of
the wood biomass of various forms (a cube, a cylinder and a sphere) have been presented. According to
the results of the experimental studies, it has been established that the particles form can have a fairly
signiﬁcant effect on the characteristics and conditions of ignition. It has been shown that the wood
particles in the form of a sphere are ignited much faster than cylindrical and cubic ones (ignition delay
times are less by 56%). Such a tendency is maintained for particles sizes from 1 $ 103m to 3 $ 103 m.
According to the results of the experiments, the mathematical model for ignition of a particle of wet
wood biomass has been formulated, taking into account the joint occurrence of the main processes of the
thermal preparation (radiation-convective particle heating, evaporation of water, thermal decomposition
of the organic part of the fuel, output, ignition and combustion of gaseous pyrolysis products, ignition of
the char residue).
The formulated system of the nonlinear differential equations in the partial derivatives with the
corresponding boundary conditions describes the ignition process in a two-dimensional setting, taking
into account the substantial nonuniformity of the temperature ﬁeld of a wood particle in the induction
period. We have taken into account that the evaporation process takes place in the front. Up to the
present time, the mathematical models of such a degree of detailing of the physical processes occurring
together when igniting wet wood have not been formulated. A comparative analysis of the ignition delay
times (tign) obtained theoretically and experimentally has showed their satisfactory correspondence. As a
result of the numerical simulation, the temperature ﬁelds in the system “a fuel particle d high-
temperature medium” have been obtained, illustrating the high gradients of the temperatures at the
moment of ignition. It has been established that it is possible to ignite the water-saturated wood particles
before they dry completely. It has been established that the ignition mode of wood particles is possible
before they dry completely.
© 2019 Elsevier Ltd. All rights reserved.1. Introduction
1.1. Economic feasibility of the wood biofuel use
The analysis of the world tendencies [1e3] in the development
of the fuel and energy complex shows that the wood biomass is
becoming increasingly important as a basic fuel for large (thermal
power plants) and small (local boiler stations) energy. Such a trend
is typical for countries of Western Europe (Germany, Denmark,ng 4, audience 203, Tomsk,
).Sweden) [4e6], North (the USA and Canada) [7] and South America
(Brazil) [8], and South Asia (India) [9]. For example, the most
modern thermal power plant Avedore (Denmark) [10] from the
second half of 2016 was transferred completely to burning biomass.
The popularity of wood and other types of biomass is explained,
ﬁrst of all, by the presence of a number of undoubted advantages in
comparison with the traditional solid (coal), liquid (fuel oil) and
gaseous (natural gas) types of energy carriers [12e15]. First of all,
wood is the only renewable type of fuel [12].
The undoubted advantage of using wood is that due to the
relatively low combustion temperature (up to 1200 K [13]), when it
is burned, much less (approximately 5 times) of oxides of nitrogen
and sulfur are formed than in the oxidation of coal [14]. It should
also be noted that woodworking industry waste can be used as raw
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umes of which are large.
After having analyzed literature [1e15], it can be concluded that
the most appropriate is the use of wood as a solid fuel for small-
sized boiler units, and in the medium term and large thermal po-
wer plants. Most likely, direct burning of wood biofuel in the
furnace devices of the boiler units is the most promising (at the
present time) and themost efﬁcientmethod of usingwood biomass
in power engineering [16]. At the same time, until now no math-
ematical models have been developed that describe the complex of
the thermal preparation processes of wet, as a rule (to a greater or
lesser extent) wood to ignition, occurring together in the induction
period of time. This is due to the fact that the ignition of wood
particles occurs under conditions of the intense phase and ther-
mochemical transformations.
It is known [17] that wood waste generally has a high humidity
(up to 60% by weight). Accordingly, it can reasonably be assumed
that one of the most signiﬁcant stages in the thermal preparation of
fuel for combustion is its drying. But for carrying out the procedure
of fuel dehydration it is necessary to use special drying equipment.
Fuel dryers, as a rule, are energy-intensive equipment occupying a
vast space inside the thermoelectric power station (TPS). Also,
when drying the wood, it is necessary to use a drying agent and
pipelines for its delivery. For this reason, the most appropriate is
the wet wood burning in the furnace space of the boiler unit by
arranging in it an aerodynamic regimewith a constant recirculation
of the torch by analogy with [18].
It can be noted that reducing the inﬂuence of the internal
moisture of the wood on the dynamics of ignition due to the in-
crease in the degree of grinding (reduction in the size of the fuel
particles) will lead to a signiﬁcant increase in the energy con-
sumption for grinding fuel. For this reason (as it is stated in
Ref. [19]), the most optimal size of biomass particles is 2e3mm. At
such sizes of the fuel particles, the inﬂuence of the evaporation
processes inside the pore moisture and the temperature distribu-
tion along the particle radius on the ignition dynamics becomes
signiﬁcant. It can also be said that for typical sizes of fuel particles
d ~3 $ 103m, a signiﬁcant factor affecting the rate of ignition may
be a particle form. This is due to the peculiarities of the formation of
the temperature ﬁelds in the objects of different conﬁgurations
[20]. When grinding solid fuel (particularly wood), as a rule,
irregularly formed particles with an arbitrary number of faces are
formed. For this reason, for assessing the conditions for the ignition
of wood, it is advisable to investigate particles of three typical forms
d a cylinder, a sphere and a cube.
1.2. A brief review of the experimental studies of the wood particles
ignition
The presence of a group of factors (dispersity, type of wood,
humidity, a particle form, etc.) that affect the dynamics of the single
wood particles ignition makes the systemic experimental studies of
the ignition processes expensive. For this reason, in spite of the
conducted researches [21e24] of the processes of wood ignition,
the general theory of thermal preparation, ignition and burning of
wood-fuel particles has not been developed to date. For example, in
Ref. [21], the results of the experimental studies of ignition biomass
particles of two characteristic sizes (80e90 mm and 224e250 mm)
have been presented. The experiments have been performed on a
quartz hollow cylinder installation mounted on a McKenna ﬂat
ﬂame burner. The particles of wood have been delivered into the
cavity of the cylinder. The entire process has been recorded by a
high-speed camera. As it has already been mentioned above, thegrinding of wood has been carried out to a size of 0.08e0.25mm.
But obtaining wood dust such a degree of grinding is a very energy-
consuming process. As it has been established in Ref. [19], the
optimal particle size for burning is 2e3mm.
When studying the particles of such small dimensions
(0.08e0.25mm), it is impossible to estimate the effect of the form
on the characteristics of the ignition.
The results of the experimental studies of the ignition of the
wood particles of two groups have been given: larged up to 3mm,
and small ~210 mm in Ref. [22]. The large particles have been cubes
(3 3x3 mm) based on an olive tree or pine, or Miscanthus needles
(3 3 mm). The particles have been placed in a cuvette (basket)
located inside the water-cooled housing. Such a design allows
minimizing “extraneous” (in other words, reducing the effect of
thermal noise or interference) thermal effects (radiation from the
walls of a high-temperature furnace) on the wood particles when
conducting the experimental studies. The temperature of the wood
has been measured with a thermocouple.
According to the results of the experimental and theoretical
studies it has been found that the particle size also has a signiﬁcant
effect on the rate of ignition. Thus, the analysis of Figs. 7 and 8
shows that reducing the size of the cubic particles from 3 to
1mm (in three times) leads to a decrease in the ignition delay time
by 2.3 times (from z22 to z9.5 s). But it is worth noting that a
comparative analysis of the ignition of thewet wood particles (with
a characteristic size of 3mm) of cubic, cylindrical and spherical
forms (provided that the volume of particles is identical) has shown
the tign values decrease fromz22 toz10 s (or words, in 2.2 times).
Accordingly, it can be concluded that the form of the wood particle
has a comparable (in terms of importance) effect on the charac-
teristics and conditions of ignition.
As a result, the ignition delay times have been determined. The
ambient temperature (Tg) has been varied [22] in the range from
490 to 670 K. In this case, themain task of the study [22] has been to
determine the minimum Tg value sufﬁcient for igniting wood. The
effect of the particle form on the ignition characteristics has not
been studied. However, the conditions of heat transfer in the
cuvette (in the layer of chopped wood) differ signiﬁcantly from
similar conditions when spraying biomass particles in the com-
bustion space. Therefore, the use of the results of [22] in the design
of the boiler equipment for burning wood has not been sufﬁciently
justiﬁed.
A large amount of the experimental data on the ignition of
pellets of a spherical form is given in Ref. [23]. However, the test
fuel was amixture of ﬁnely dispersedwood and coal. Obviously, the
process of ignition of such a fuel composite will be signiﬁcantly
different from the ignition of woody biomass particles. Also in
Ref. [23], the inﬂuence of the particle form on the dynamics of
ignition has not been investigated.
In Refs. [21e23], the processes of the dry wood particles ignition
have been investigated. But it is known [17] that the real biomass
always contains moisture, which can have a signiﬁcant effect on the
characteristics and conditions of ignition [25]. It should also be
noted that in Refs. [21e23] the experiments have been carried out
only in a small range of ambient temperatures (from 800 to 900 K).
Such low temperatures are not typical for steam and hot water
boilers. But, the studies [21e23], despite the limited potential of the
application of the results, allow us to make several useful conclu-
sions for the further study of the laws of thewood particles ignition.
Thus, for example, the high thermal inertia of the process of the
even dry wood ignition is evident, which gives grounds for the
hypothesis that the form of the particle must signiﬁcantly inﬂuence
the characteristics and conditions of its ignition.
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particles ignition
To date, several (most important) works have been published
with the results of the theoretical studies of the processes of wood
ignition [25e27]. But most of the previously formulated mathe-
matical models describe the ignition, as a rule, of dry particles. Such
a representation allows not to take into account the evaporation of
the intraporous moisture and the change in the thermophysical
characteristics of the wood in the process of its dehydration.
The mathematical models of ignition of single particles of wood
fuel developed to date [25e27], as a rule, are based on the solution
of the equations of mathematical physics in a one-dimensional
formulation. For example, in Ref. [25] the results of the numerical
modeling of the ignition of the wood layer are presented, which
have been obtained by solving a one-dimensional heat equation. In
this case, the evaporation of moisture (both intraporous and
bound) in Ref. [25] has not been considered. The use of the one-
dimensional statement of the ignition problem by analogy with
[25] for analyzing the effect of the geometry of a fuel particle on
ignition characteristics is impossible.
In Ref. [26], the results of the experimental and theoretical in-
vestigations of the biomass layer ignition with allowance for the
presence of intraporous moisture have been presented. At the same
time, a complicated complex of the thermochemical (pyrolysis of
solid fuel, gas-phase ignition of thermal decomposition products)
and thermophysical (evaporation of moisture, radiative heat
transfer) processes have been taken into account. But in Ref. [26],
the ignitability of the biomass layer has been investigated under
conditions corresponding to a treetop forest ﬁre. Another dis-
tinguishing feature of [26] is that the evaporation of moisture has
been considered in the context of ideas about the dehydration
process as a chemical reaction. Under such conditions, the intensity
of moisture evaporation is described by a simple Arrhenius
dependence. But in fact the evaporation of moisture ﬂows in a very
narrow zone, constantly moving along the particle (the front of
evaporation) [27]. At the same time, the velocity of this front de-
pends greatly on the temperature of its surface.
In mathematical models [25,26], the effect of the fuel particle
form on the dynamics of ignition has not practically been taken into
account. There are knownworks [28e30] devoted to the analysis of
the inﬂuence of wood pellets on the characteristics of pyrolysis. So
in Ref. [28] the results of mathematical modeling of the thermal
decomposition process of wood particles of the cylindrical form
have been resulted. At the same time, the process of pyrolysis of
fuel has been consideredwith taking into account the staged nature
of the thermal decomposition process. The processes of ﬁltration of
pyrolysis products through porous wood structure have also been
taken into account. But in Ref. [28], the ignition processes of the
gaseous products of pyrolysis in the gas phase have not been
simulated, and the analysis of the effect of the particle form on the
characteristics and conditions of the wood ignition has not been
carried out.
Another example is the model [29], in which the complex of
thermochemical (thermal decomposition of wood with the for-
mation of volatile and char) and the thermophysical (radiation-
convective heating, evaporation of water) processes have been
taken into account that occur together in the pyrolysis of wood
particles. At the same time, the inﬂuence of three forms (a sphere, a
cylinder and a cube) on the dynamics of thermal decomposition has
been analyzed. But the ignition processes have not been considered
in Ref. [29], and the ignition delay times, respectively, have not
been determined, although a rather complicated complex of the
thermophysical processes taking place together has beenconsidered in Ref. [29]. The mathematical model [29] is based on
the solution of the balanced (zero-dimensional) energy equation.
The change in temperature inside the particle has not been taken
into account. The application of such an approximation to the
particle of biomass under conditions of high-temperature action
(for example, upon ignition in the conditions of a combustion
chamber) is not justiﬁed. It is also worth noting that the evapora-
tion model given in Ref. [29] is based on the assumption that the
temperature is at equilibrium at the boundary of the evaporation
front. As it has already been mentioned earlier, such a represen-
tation is physically incorrect. Water evaporates at any temperature
above the triple state of the substance (273.16 K). It is also worth
noting that in the model [29] the heat runoff has not been taken
into account resulting from the evaporation of water.
Themost complete mathematical model of the pyrolysis process
has been in Ref. [30]. The process of pyrolysis of an ellipsoidal
particle of wood biomass has been considered. It has been assumed
that the process of thermal decomposition proceeds with the for-
mation of solid, liquid and gaseous products of thermal decompo-
sition. The ﬁltration of the thermolysis products through the porous
structure of the particle has also been taken into account. But in
Ref. [30] thermal decomposition of dry wood particles has been
investigated. The evaporation of moisture and the inﬂuence of the
form factor on the dynamics of pyrolysis have not been taken into
account.
Summing up, it can be said that despite the extensive studies of
the processes of pyrolysis and ignition of wood particles [21e30],
no experimental or theoretical studies of the inﬂuence of the form
of woody biomass particles on the characteristics and conditions of
ignition have so far been carried out. Therefore, the purpose of the
work is an experimental and theoretical investigation of the par-
ticles ignition of moist wood biomass of various forms on the
example of the most typical geometric bodies (a sphere, a cube and
a cylinder).
1.4. Justiﬁcation of the prospects of research theme
From the theory of ignition and combustion of the solid fuels
[31,32] (including wood [33]), it is known that the dynamics of the
ignition processes are determined by the inﬂuence of many factors
(fuel particles size, moisture content and type of wood, particles
form). At the same time, according to B.D. Spoding [31] and D.A.
Frank-Kametsky [33] the dynamics of its thermal decomposition
has the strongest inﬂuence on the process of ignition of the solid
fuel and, accordingly, the output of volatiles. At the same time, as it
has been established by the results of the experimental [34,35] and
theoretical [28,29] studies, the most intensive process of thermal
decomposition (respectively, and the yield of the gaseous pyrolysis
products) occurs in tree particles in the form of a sphere, then in a
cylinder form and cubes. In this case, we can say that the charac-
teristics and conditions of the process of ignition of the wood
particles, which always takes place in the gas phase, will directly
depend on a form of a particle.
According to the results of the experimental and theoretical
studies, it has been established that the particle size also has a
signiﬁcant effect on the rate of ignition. So the analysis of Figs. 7 and
8 shows that reducing the sizes of cubic particles from3 to 1mm (in
three times) leads to a decrease in the ignition delay time by 2.3
times (from z22 to z9.5 s). But it is worth noting that a compar-
ative analysis of the ignition of the wet wood particles (with a
characteristic size of 3mm) of cubic, cylindrical and spherical forms
(provided the identity of the volumes of the particles) has shown
that the tign values decrease fromz22 toz10 s (or in other words,
in 2.2 times). Accordingly, it can be concluded that the form of the
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the characteristics and conditions of ignition.
As the results of the research [36] have shown, the humidity of
the fuel also has a signiﬁcant impact on the characteristics and
conditions of ignition. So, at the external temperature Tg¼ 1073 K,
the ignition delay time of a particle (with a characteristic size
d¼ 3mm) of moist wood decreases from 12 s to 0.5 s with the
decrease in humidity (4) from 60% to 0% (in other words, in 24
times). But burning the wet wood particles is technologically and
economically more beneﬁcial than oxidizing pre-dried (4¼ 0%) due
to exclusion from the technological cycle of preliminary thermal
preparation of fuel (drying) of the large-sized equipment (the
drying units) and metal structures of the transportation systems of
the drying agent (high-temperature gas-air ducts). For this reason,
it can be said that the particle form factor is comparable in its
signiﬁcance with the wood moisture factors and the size of the fuel
particles.
2. Experiment
The experimental studies have been carried out on the stand,
the scheme of which is shown in Fig. 1. A particle of wood has
been ﬁxed on a metal holder and introduced by a remote-
controlled coordinate device into a hollow ceramic cylinder
whose inner surface has been to a high temperature. The regis-
tration of the processes of heat and mass transfer and ignition of
the fuel particle has been carried out by a high-speed Photron
FASTCAM CA4 5 video camera (video-recording speed up to
20,000 frame/s). The air temperature inside the cylinder (Tg) in the
experiments has varied over a fairly wide range (from 870 K to
1270 K). The time period from the onset of the thermal action (the
moment when the particle has been introduced into the cylinder
cavity) prior to ignition (the appearance of a ﬂame) has been
considered to be the ignition delay time (tign). The ignition of the
particles of two sizes has been investigated: d¼ 1$103 and
d¼ 3$103. To determine the timing characteristics of the ignition
process, a series of the experiments has been performed from 10
experiments for each Tg value. The processing of the experimental
results has been carried out using the method of smallest quad-
rates [37]. The number of the experiments could vary (but not less
than 10) in order to achieve the required accuracy of the deter-
mination of tign. The systematic error in determining the main
measured parameters (Тg, tign) has been no more than 5%. The
conﬁdence interval for determining tign at a conﬁdence probability
of 0.95 has not been exceeded 17%.Fig. 1. The experimental setup. 1 d a high-speed video camera; 2 d a hollow ceramic tube
metal holder.2.1. Experimental samples
The studies have been carried out for the particles made from
Siberian larch. The structure of this wood provides, in contrast, for
example, from birch or spruce, a stable conﬁguration of the particle
when it is processed before the experiment. The thermophysical
characteristics are given in Table 1. In the experiments, the particles
cut from amonolithic dry fragment of a large-sizedwood have been
used. Later, with the aid of a grinding device, the surface of the
particles has been prepared to give them an appropriate form (a
cylinder or a cube). The particles have been then weighed to
determine the dry mass. At the next stage of the preparation of the
experiment, they have fallen into the water and kept there for
several hours. After the extracting period (about 10 h), we have re-
weighed to determine the moisture content.
It is known [17] that themoisture content of freshly cut wood (in
particular, larch) is 4 from 30 to 60%. In the experiments, the par-
ticles with a moisture content of 4z 40% have been used. Such a
value of 4 is, most likely, the highest possible in real fuel prepa-
ration conditions.
3. Results of the experiment
In Fig. 2 the frames of a typical video of the wood particle
ignition process (with a characteristic size d¼ 3∙103m) of a cubic
form are given. The ambient temperature is Тg¼ 1270 K. The total
time from the start of heating to the instant of ignition has been tign
z2.59 s in this experiment. The analysis of the frames shows that
the process of thermal preparation of wood can be divided condi-
tionally into a series of the successive stages.
After introducing the particle into the high-temperature me-
dium, the intensive heating of the fuel (frame a) and evaporation of
water begin. One can see clearly an increase in the brightness of the
particle surface. Heating of the fuel leads to thermal decomposition
of the material (frame b). A detailed (at a large magniﬁcation)
analysis of frames of type b shows a characteristic darkening of the
particle surface. This is due to the intensive pyrolysis of wood with
the formation of gaseous and solid products. It can be noted that
the formation of the coke residue in the direction across the ﬁbers
forming the wood ﬂows more intensively than along them. The
latter is most likely due to the fact that the thermal conductivity of
the wood along the ﬁbers is much greater than across them.
The ignition occurs (frame c) of the volatiles at t¼ tign, after the
start of the particle heating. After the ignition of the volatiles, the
sphere of ﬂame is formed (frame d), whose size is 2e3 times higher; 3 d the electric heater; 4 d the wood particle; 5 d the coordinate device; 6 d the
Fig. 2. Typical frames of the video of the process of ignition of particles of moist wood cubic form.
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ments, the delay times for the ignition of the wet wood particles
(from 2 to 25 s) have been determined, depending on the sizes and
form.
Fig. 3 shows the typical frames of the wet wood particles igni-
tion in the form of a cylinder. The analysis of the video frames
shows that, like the cube (Fig. 2), it is possible to distinguish the
characteristic stages of the ignition process (inert heating, evapo-
ration of moisture, thermal decomposition and ignition).
According to the results of the analysis of the videograms, the
physical and mathematical models describing the complex of the
processes taking place together (heat transfer by heat conduction,
evaporation of water, thermal decomposition of fuel, interaction of
water vapor with carbon of char, gas-phase ignition of pyrolysis
products), thermal preparation and ignition of wood particles of
three forms (a sphere, a cylinder and a cube) and sizes (from
1.5$103 to 3.0$103m).4. Statement of the problem
4.1. Physical statement
The particle of wet wood is introduced into a high-temperature
environment (Fig. 1.) at the initial moment of time. As a result of the
intensive radiation-convective heating, the process of water evap-
oration is initiated. The evaporation front moves from the surface
layers of the fuel to the deep. As a result, a substantially hetero-
geneous inhomogeneous structure is formed, consisting of wet and
dry wood.
Heating of drywood leads to its thermal decompositionwith the
formation of gaseous (volatile) and solid (coke) pyrolysis products.
The latter leads to an increase in the porosity of the fuel. WaterFig. 3. Typical frames of the video of the ignition provapor formed during evaporation is ﬁltered through a layer of dry
wood, entering into thermochemical interaction with coke carbon.
As a result, combustible reaction products (CO and H2) are formed.
The latter, together with volatile and water vapor, are ﬁltered to the
surface of the fuel. A vapor-gas mixture is formed in a small
neighborhood of the particle, the combustion of which begins at
the critical temperatures and concentrations. The period of time
from the beginning of heating to intense heat release as a result of
the chemical reactions of combustion and an exponential increase
in temperature is considered to be the ignition delay time. In this
case, the heat released by the chemical reactions of oxidation of
pyrolysis products exceeds the heat coming from the heating
source (external environment).4.2. Mathematical formulation of the problem
The mathematical formulation (the system of the partial dif-
ferential equations with the corresponding boundary conditions) of
the problem of igniting wood according to the basic equations (and
solution methods) corresponds to the statements [38e40] (when
describing the ignition of the spherical particles of wood) and [41]
(when describing the ignition process wood in the form of a cube).
The main difference between the statement of the ignition prob-
lem, the solution of which is given below, from the models [38e41]
is to conduct a comparative analysis (under identical heating con-
ditions) of the temporal characteristics of the processes of ignition
of the wet wood biomass particles of three typical forms: a cube, a
cylinder, a sphere.
The area of solving the problem of igniting of the wood particle
for an example of a spherical form is shown in Fig. 4. The particle of
wood during the induction period can be divided into two zones.
The ﬁrst one is the original fuel that is still saturated with moisture,cess of wet wood particles of cylindrical shape.
O2
Fig. 4. Solution area for the ignition problem. 1 - the original fuel; 2 - a dry wood frame; 3 - boundary between of the system “the original fuel e dry wood frame”; 4 - boundary
between of the system “dry wood frame ewood at the temperature T>Tstd”; 5 - the interaction region of the external oxidant with volatile; 6 e high temperature gas; 7 - wood at
the temperature T>Tstd.
Fig. 5. The mechanism of wood pyrolysis.
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such a heterogeneous inhomogeneous system is described by the
energy equation for a particle, which takes into account water
evaporation, thermal decomposition of fuel, thermochemical
interaction of water vapor and carbon, as well as the movement of
water vapor and thermal decomposition products through a porous
framework:
vHw
vt
þ CsrsUsVðTÞFðxevaÞ ¼ divðlVTÞ 
Qevarwat
hspr
dxeva
dt
dðxevaÞ
Pi¼4
i¼1
Qi,Wi
Xn¼4
i¼1
Qi,Wi ¼ Qw/char,Ww/char þ Qw/vol,Ww/vol
þQw/tar,Ww/tar þ QCþH2O,WCþH2O;
(1)
The thermophysical characteristics (lw, Сw and rw) have been
calculated taking into account the position of the evaporation front.
The temperature distribution in the gas layer around the particle is
described by the energy equation for a thin layer of the environ-
ment around the particle. The latter takes into account the
exothermic effects of the oxidation reactions of the main gaseous
combustible components with air:
vHg
vt
þ UVHg ¼ div

lgVT
þXi¼3
i¼1
Qi,Wi
Xn¼3
i¼1
Qi,Wi ¼ QCH4þO2,WCH4þO2 þ QCOþO2,WCOþO2 þ QH2þO2,WH2þ
(2)
Water vapor together with the gaseous products of thermal
decomposition of wood move through the porous wood frame. The
pressure distribution over the particle radius has been calculated by
solving the piezoconductivity equation [30]:
vPp
vt
¼ divðcVPÞ þ 1
rb
Xn¼3
i¼1
fi
Xn¼3
i¼1
fi ¼
1
s

sWtd þWCþH2O/COþH2 þWevadðxevaÞ
 (3)
fi is the function describing the change in mass ﬂow rate of the
mixture of water vapor and pyrolysis gases as a result of the release
of volatile and absorption of water vapor during its thermochemical
interaction with carbon.Thermal decomposition of the fuel with the release of volatile
begins when the condition ТsurТstd reaches the surface of the
particle (Тsur is the surface temperature of the particle, Тstd is the
temperature of the onset of thermal decomposition (according to
Ref. [42])). Thermal decomposition is a complex physico-chemical
process that can proceed in several stages (up to 5) [43] with the
formation of liquid (tar), solid (coke) and gaseous (volatile) prod-
ucts. As it has been shown in Ref. [43], under the condition of rapid
heating (which corresponds to heating in the conditions of the
combustion chambers of the boiler units), the process of thermal
decomposition of wood is described quite well in the framework of
the one-stage model (Fig. 5), with the formation of three pyrolysis
products.
The process of thermal decomposition in this case is described
by the chemical kinetics equation (by analogy with [43]):
vhi
vt
¼ð1hiÞ,ki,exp

 Ei
R,T

(4)
In the formulation of the problems, the process of the inﬂux of
the products of thermal decomposition and chemical interaction of
the solid products of pyrolysis of wood and water vapor into the
boundary layer of the particle has been taken into account. As a
result, a gas mixture is formed that is ﬂammable when the critical
temperatures and fuel concentrations are reached [44]. The time
period from the beginning of the thermal effect on the particle to
Table 1
Thermophysical properties of wood [46].
Temperature (К) Coefﬁcient of thermal conductivity (l)
W / (m∙K)
Heat capacity (С)
J / (kg ∙ K)
density (r)
kg / m3
373 0.18 1246 499.56
Table 2
Chemical composition of the pyrolysis products (according
to the data of [47]).
Name Content by weight,%
CO2 14,0
CO 39,3
СН4 5,96
Н2 1,07
Table 3
Thermochemical constants.
Reaction The activation energy Ei
J/(mol)
Preexponent of
reaction ki (1/s)
Thermal decomposition
w/gas
88.6$103 1.43$104 [48]
w/char 106.5$103 7.4$106
w/tar 112.7$103 4.12$106
H2O þ C ¼ COþ H2 220$103 2.07$107 [49]
CO þ 0:5$O2 ¼ CO2 200.0$103 2.50$1012 [50]
H2 þ 0:5$O2 ¼ H2O 105.0$103 1.13$1017 [51]
CH4 þ O2 ¼ CO2 þ 2$H2O 35$103 5.1$1014 [52]
G.V. Kuznetsov et al. / Renewable Energy 145 (2020) 1474e14861480the beginning of the intensive chemical interaction of the vapor-gas
mixture with the oxidizer is considered to be the ignition delay
time. During ignition, the amount of heat released as a result of
oxidation of the fuel must exceed the heat coming from the heat
source (the external environment). In the immediate vicinity from
the particle surface, the course of the three most signiﬁcant re-
actions has been taken into account:
1. Н2þ0,5O2¼Н2Oþ224 kJ/mol
2. COþ0,5O2¼ CO2þ286 kJ/mol
3. СН4 þ2О2¼ 2Н2О þ СО2 þ 803 kJ/mol
The concentrations of the vapor-gas mixture components (H2,
CO, CH4, CO2 and H2O) in the boundary layer of the particle have
been calculated by solving the diffusion equations:
rg
vci
vt
þ rgUVci ¼ divðDiVciÞ±
Xi¼3
i¼1
Wi (5)
As it is known [45], during the thermal decomposition of solid
fuel, there is a change in density (r) and porosity (P) of the main
layer of fuel. Under these conditions, when formulating the prob-
lem, the change in r and P of the fuel has been taken into account:
vr
vt
¼ðr retdÞ,ketd,exp

 Eetd
R,T

; (6)
Pp¼P0,
r r0
retd  r0
: (7)
4.3. Initial data
When carrying out the numerical studies of the ignition process,
the thermophysical characteristics have been used (Table 1).
As it has been indicated earlier, the heating of the wood pro-
ceeds under conditions of its thermal decomposition, accompanied
by the release of the gaseous, solid and liquid reaction products.
The composition of the gaseous pyrolysis products has been shown
in Table 2.
The thermochemical constants have been given in Table 3. The
numerical studies have been carried out with the following initial
data: T0¼ Tðr; q;0Þ ¼ 298K p0 ¼ 101325Па; h0 ¼ 0; m ¼ 0;018 kg=
mol; KP ¼ 1011m2.0
8>>>><
>>>>:
Hnþ1=2i;j  Hni;j
t
þ CsrsUi;j
Tnþ1=2iþ1;j  T
nþ1=2
i1;j
2hx
FðxevaÞ ¼
1
hx
0
@liþ1=2;j

Tniþ
QevaWeva
hspr
dðxevaÞ 
P4
i¼1
Qi,Wi
24.4. The method of solving equations
The formulated problem of mathematical physics has been
solved by the ﬁnite difference method [53]. The equations
approximation has been carried out with using an implicit four-
point difference template (Fig. 6.) [54]. For example, equation (1)
in the Cartesian coordinate system has been approximated as
follows:
vHw
vt
þCsrs

Us
vT
vx
þ VsvT
vy

¼ v
vx

lw
vT
vx

þ v
vy

lw
vT
vy

 QevaWeva
hspr
dðxevaÞ

X4
i¼1
QiWiFðxevaÞþ1=2
1;j  T
nþ1=2
i;j
	
hx
 liþ1=2;j

Tnþ1=2iþ1;j  T
nþ1=2
i;j
	
hx
1
A
08>>>><
>>>>:
Hnþ1=2i;j  Hni;j
t
þ CsrsVs
Tnþ1i;jþ1  Tnþ1i;j1
hy
FðxevaÞ ¼
1
hy
0
@li;jþ1=2

Tnþ1i;jþ1  Tnþ1i;j
	
hy
 li;j1=2

Tnþ1i;j  Tnþ1i;j1
	
hy
1
A
QevaWeva
hspr
dðxevaÞ 
P4
i¼1
Qi,Wi
2
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cording to the scheme:
liþ1=2; j¼0:5$ðliþ1;j þli;jÞ; li1=2;j ¼ 0:5$ðli1;j þli;jÞ
Equations (2)e(7) have been approximated by a similar scheme.
It should be noted that the calculations of the fuel ignition during
the intensive phase transformations (in particular evaporation) are
among themost difﬁcult in the combustion theory. The latter is due
to the fact that the evaporation of water ﬂows in a very narrow
(much smaller than the linear size of the particle) area (the front of
evaporation). In this case, as a rule, the thermal effects of the phase
transitions are very high (up to 2.5$106 J/kg). As a result, an internal
ﬂow of heat emerges in the wet particle and a substantially inho-
mogeneous heterogeneous structure is formed. It should be noted
that the asymptotics of the processes of evaporation and ignition
are signiﬁcantly different. A direct ignition (a chemical reaction) is a
quick process, evaporation is slow. Such a correlation of the char-
acteristic times substantially complicates the theoretical studies of
the combustion initiation processes. It should also be noted that
mathematical modeling of the phase transition processes (evapo-
ration of water) in a multidimensional formulation (2-dimensional
or 3-dimensional) is a very difﬁcult operation, especially for the
bodies with a complex geometry that does not have the properties
of an axial symmetry. This is due to the fact that during the heating
process, the front of the phase transition is formed in the body, the
boundary of which can take various forms, depending on the heatFig. 6. Approximation scheme.ﬂuxes in the vicinity of the phase transition zone. Such tasks are
called the Stefan monofront problems. The latter problems are
some of the most difﬁcult in mathematical physics. For this reason,
a special algorithm based on the method of the implicit separation
of the phase transition front has been developed to solve system
(1)e(7) [55].5. Results and discussions
In order to verify the mathematical models (1)e(7), a compar-
ative analysis of the experimental and calculated values of the delay
times for the ignition of the wood particles in the form of a cylinder
and a cube has been made. Fig. 7 shows the experimental and
theoretical dependences of the ignition delay times of a particle of
(two typical forms: a cylinder and a cube) of wet wood from the
temperature of the external environment. The characteristic par-
ticles size is ~3mm. The analysis of these dependences shows that
the form of the particle has a signiﬁcant (up to 10% of the delay in
the ignition delay) effect on the characteristics and conditions of
ignition of the wood. It can be noted that cylindrical wood particles
begin to burn earlier than cubic ones. It should be noted that the
dependences tign¼ f (T) have an exponential character. The latter is
due to the signiﬁcant inﬂuence of the processes of the thermal
preparation (radiation-convective heating, evaporation of water,
pyrolysis of solid fuel) and ignition (inﬂammation of volatiles).
Fig. 8 shows the experimental and theoretical dependences of
the ignition delay times on the temperature of the oxidizer. The
characteristic particles size of woody biomass is ~1mm. By theFig. 7. Dependence of the time delay of ignition of the wood particles a cubic (curves 1,
2) and a cylindrical (3, 4) form on the temperature of the external environment. The
characteristic particle size is d¼ 3 $ 103 mm. 1, 3d Experiment; 2, 4 is the solution of
system (1)e(7).
Fig. 8. Dependence of the delay time of ignition of the wood particles cubic (curves 1,
2) and cylindrical (3, 4) forms on the temperature of the external environment. The
characteristic particle size is d¼ 1$103 mm. 1, 3 - Experiment; 2, 4 is the solution of
system (1)e(7).
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analogous to Fig. 7.
The comparative analysis of the theoretical and experimental
values of the ignition delay times shows their good accordance. It
can be concluded that the developed mathematical model of the
particles inﬂammation of wet wood biomass has a rather high
predictive potential. After veriﬁcation of the mathematical model,
modeling of the processes of the wet wood particles ignition of
three (a sphere, a cylinder and a cube) of various forms has been
carried out. It should be noted that in order to carry out a
comparative analysis of the dynamics of thewood particles ignition
of various forms, it is necessary to choose a criterion for estimating
the comparison of the particles. The use of a characteristic particle
size for this purpose is not sufﬁciently justiﬁed. This is due pri-
marily to the fact that the geometry of the particles is signiﬁcantly
different, and the cubic particles with ribs z3mm exceed in vol-
ume and mass the cylindrical and spherical particles with a
diameter of z3mm. For this reason, the main criterion forFig. 9. Dependence of the delay time of the wet wood particles ignition of various
forms if the masses are identical. 1 d a particle of wood in the form of a cube; 2 d a
cylinder; 3 d a sphere.comparison is the mass of the particle:
mkub¼mcil ¼ msph
In this case, it is possible to calculate the ratios of the charac-
teristic particle sizes of the cubic, spherical and cylindrical forms:
mi¼ d3$rw ¼ p$r2out$d$rw ¼
4
3
$p$r3out$rw
Fig. 9 shows the values of the ignition delay times for the wet
wood particles of three forms (a cube, a cylinder and a sphere),
provided that the masses are equal. The comparative analysis of the
dependencies (Fig. 9) shows that thewood particles in the form of a
sphere ignite at 870 K Tg 1270 K much faster than cylindrical
and cubic ones. This is due to the fact that, as is known from the
theory of heat transfer [20], bodies in the form of a sphere are
heated much faster than cylindrical and cubic bodies. Accordingly,
the main stages (evaporation of water, thermal decomposition,
release of volatiles) of the thermal preparation of fuel for ignition
also proceed faster. In this case, we can say that from the point of
view of the dynamics of ignition, the wood particles in the form of a
sphere are most advantageous in the preparation of fuel for
combustion.
In order to justify the above-mentioned thesis on the signiﬁ-
cantly higher dynamics of the process of heating the fuel layer upon
ignition of the spherical particles, in comparison with cylindrical
and cubic ones, we'll introduce the heating rate function:
J ¼ dT
dt
Where:
T ¼ 1
V
&
V
Tðr; q;4; tÞdV
Fig. 10 shows the function dependences of the rate of heating of
the fuel particle on time at the ambient temperature. It can be
noted that spherical particles are heated much more intensively
compared with cylindrical and cubic particles, with taking into
account the identity of their masses. This is due to the geometry of
the particles.
Fig. 11 shows the delay times of ignition of the particles char
residue of biomass of three forms (a cube, a cylinder and a sphere).
The analysis of the dependences tign(Tg) shows that char begins toFig. 10. Dependence of the heating rate of wood particles of three different forms: 1 - a
particle of wood in the form of spheres; 2 - the cylinder; 3 e cube.
Fig. 11. Dependence of the delay time of the char ignition of wet wood particles of
various forms provided that the masses are identical.
Fig. 12. Temperature ﬁelds at the moment of ignition of volatiles (a) and char (b) when
a particle of the wet wood biomass of a cylindrical form is heated in a high-
temperature medium.
Fig. 13. Temperature ﬁelds at the moment of ignition of volatiles (a) and char (b) when
a particle of the wet wood biomass of a cubic form is heated in a high-temperature
medium.
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products. The interval between the instants of time of ignition of
pyrolysis gases and char does not exceed 1.0 s. This is due to the fact
that in the conditions of burning of volatiles heat ﬂow to the surface
of the particle increases substantially. As a result, the combustion
process of the char fuel residue is initiated.
1d a particle of wood in the form of a cube; 2d a cylinder; 3d
a sphere.
Fig. 12 (a, b) shows the numerically calculated temperature
ﬁelds at the instants of ignition of gaseous pyrolysis products (a)
and char ignition (b) during heating of wet wood particles of a
cylindrical form (diameter d¼ 3 103m, ambient temperature
Tg¼ 1270 K). It is clearly seen that gas-phase ignition occurs at the
outer boundary of the gas rea. The numerical simulation hasshowed that the particles with a characteristic size of 3∙103m are
ignited until they are completely dehydrated. It is obvious that the
mechanism of burning of such wood under conditions of contin-
uous evaporation differs signiﬁcantly from the oxidation of previ-
ously dried biomass. Water vapors are blown into the boundary
layer of the particle and, accordingly, increase the reaction zone of
pyrolysis products. Ignition of char ﬂows on the surface of the
particle. It can be noted that the initiation of heterogeneous com-
bustion occurs before the complete evaporation of water in the
deep layers of wood.
Fig. 13 (a, b) shows the temperature ﬁelds at the moment of
ignition of a cubic particle of wood (with the characteristic size d ¼
3$103m). It can be noted that the ignition of gaseous pyrolysis
products (Fig. 13 a) occurs at a distance of about 1.0$103m from
the surface of the particle. Fig. 13 (a, b) shows the temperature
ﬁelds at the moment of ignition of a cubic particle of wood (with
the characteristic size d ¼ 3$103m). It can be noted that the
ignition of gaseous pyrolysis products (Fig.13 a) occurs at a distance
of about 1.0$103m from the surface of the particle. Accordingly, it
is possible to draw a conclusion similar to Fig. 12 about the for-
mation of a buffer zone in the boundary layer by water vapors. It
can be noted that the ignition of char is localized at the corners of
the particle. This is due to the fact that when warming up at the
corner points of the cube intense heat ﬂows are concentrated.
As the ignition of volatiles (a) and char (b) occurs before the
complete evaporation of water in the porous structure of wood,
then a nonlinear evaporation front is formed. The latter factor leads
to a substantial inhomogeneity of the temperature ﬁeld. Accord-
ingly, it can reasonably be assumed that the application of the zero-
dimensional mathematical models of ignition (by analogy with
[25]) is unreasonable.
Fig. 14 (a, b) shows the temperature ﬁelds in the “particled gas
medium” system at the moment of ignition of volatiles (a) and char
(b) with heating of the spherical particles (diameter d ¼ 3$103m)
of wet wood biomass. By analogy with Figs. 12 and 13, it can be
noted that the initiation of combustion takes place in the outer gas
area at a distance of 1e1.5 103m from the surface of the particle.
In this case, the ignition of both gaseous pyrolysis products and
char takes place even before the moisture evaporates completely.
The analysis of Figs. 12e14 shows that the formation of a dry
Fig. 14. Temperature ﬁelds at the moment of ignition of volatile (a) and coke (b) when
a particle of moist wood biomass is heated in a spherical shape in a high-temperature
environment.
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the particles ignition of a spherical form, the dimensions of this
layer are smaller than when there is ignition of cylindrical or cubic
particles.
6. Analysis of the possibility of the practical application of
the research results
6.1. Dusty burning of wood biomass in the boiler units
One of the most common ways of burning wood is burning it in
the form of a ﬁnely dispersed pseudo-liqueﬁed dusty air mixture in
the furnace device of boiler units (by analogy with [56]). This
method is the most convenient from the point of view of the or-
ganization of the combustion process and the supply of fuel to the
combustion space of the boiler unit. In this case, the air-fuel
mixture is blown into the boiler furnace, where it ignites and burns.
The characteristics of ignition and combustion of a fuel torch (a
large group of wood particles) according to the theory of combus-
tion [31] of the solid fuels are caused (primarily) by the burning
behavior of a single particle. Such a particle is called a particle
marker (or a typical particle) [57]. It is worth noting that when the
wood-air mixture is sprayed, a polydisperse stream of wood par-
ticles is formed [58], which differ signiﬁcantly in form and size. In
this case, the particles are in the form of, as a rule, irregular poly-
hedral with a large number of edges and corners. As it has been
previously established [29], the form of the wood particle can in-
ﬂuence the characteristics of its heating and thermal decomposi-
tion. It is practically impossible to investigate the inﬂuence of the
whole possible variety of forms and sizes of the wood particles on
the characteristics of their ignition (neither in experiments nor
theoretically). For this reason, the most expedient is to study the
processes of ignition of the wood particles (under conditions of
their high-temperature heating by an oxidizing medium) of the
most typical forms: a cube, a cylinder, a sphere. Such forms are
homeomorphic to the forms of the wood particles (irregular poly-
hedral) that are formed during spraying. Accordingly, it can be said
that according to the results of the conducted researches, the values
of the delay time of ignition of the wood particles have been ob-
tained, which are extreme (upper (cube) and lower (sphere))estimates of tign values under conditions of heating of the wood
particles in the stream of the high-temperature environment. The
latter will allow us to describe the temperature ﬁelds of the fuel
torch for various forms of the fuel particles.6.2. Biomass burning in a ﬁxed ﬂuidized bed
One of the most promising methods for the energy use of
biomass is the technology of its combustion in the form of pellets in
the furnaces of the water boilers of the local heat supply systems
[59]. At the same time, the technological cycle [60] allows to pro-
duce pellets of various forms (cylinders, parallelepipeds, cubes,
spheres, etc.) and sizes. The latter is determined by the type of
molding cells used for the pelletizer [61]. Accordingly, it is possible
to carry out a procedure of optimizing the form of the fuel particles
in order to reduce the induction and oxidation periods and,
accordingly, to increase the efﬁciency of burningwood. The analysis
of the results of the research shows that the particles in the form of
a sphere have the best (judging by the values of the ignition delay
time) burning characteristics. The spherical particles of biomass
faster than others (cylindrical and cubic) ignite and, accordingly,
burn. Also, the results of [62] show that the spherical particles of
biomass are more (than, for example, cylinders) compactly ar-
ranged in a layer, provided that the particles are sufﬁciently well
blown off with an oxidizing agent.
But it should be said that the production of the spherical par-
ticles is quite expensive (we need special-formed pelletizers [23]).
For this reason, it can be reasonably concluded that the choice of
the base pellets (for a boiler unit) of wood pellets of one form or
another (a sphere, a cylinder, a cube) is a complex optimization task
of the technical and engineering study, which is solved at the stage
of the experimental development.7. Conclusion
According to the results of the experimental and theoretical
studies, a signiﬁcant effect of the form of awet wood particle on the
characteristics of its ignition has been established. The experi-
mental studies of the ignition processes have been carried out for
fuel particles of two different forms: a cube and a cylinder. By the
results of the experiments it has been established that fuel particles
of a cylindrical formwith comparable dimensions are ignited faster
than cubic ones.
According to the results of the theoretical studies, a new
mathematical model of the process of the particles ignition of wet
wood biomass has been developed. It takes into account the joint
course of the main stages of the thermal preparation under con-
ditions of intensive phase (evaporation of water with taking into
account the nonequilibrium parameters on the boundary of the
phase transition front) the thermochemical (pyrolysis of fuel with
taking into account the complex kinetics of the process) trans-
formations. The comparative analysis of the delay times obtained
experimentally and theoretically has showed their good accor-
dance. The latter testiﬁes to the high predictive potential of the
developed mathematical model of the ignition process.
The comparative analysis (based on the results of modeling) has
showed that, under the condition that the masses of fuel particles
are comparable; the spherical ones are ignited faster than cubic and
cylindrical ones. The slowest, the particles in the form of a cube are
inﬂamed. The latter is conﬁrmed by the analysis of the functions of
the heating rates of the fuel particles of three forms. Spheres are
heated much faster than cylinders and cubes. The latter is due to
the geometry of the bodies.
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